In 1980, Holliday and Pieper stated: "Most sound scattering in the ocean volume can be traced to a biotic origin." However, most of the bioacoustics research in the past three decades has focused on only a few groups of organisms. Targets such as small gelatinous organisms, marine snow, and phytoplankton, e.g. have been generally to be considered relatively transparent to acoustic waves due to their sizes and relatively low sound speed and density contrasts relative to seawater. However, using a broadband system (ZOOPS-O 2 ) we found that these targets contributed significantly to acoustic returns in the 1.5-2.5 MHz frequency range. Given that phytoplankton and marine snow layers are ubiquitous features of coastal regions; this works suggests that they should be considered as potential sources of backscatter in biological acoustic surveys.
Introduction
There is a continued interest in understanding the sources of oceanic backscatter and the use of echosounders to estimate the abundances and distributions of marine organisms. Using acoustic methods to understand the distributions of biological acoustic scatterers in the water column requires knowledge of the acoustic properties of the targets. Although several ground-truthing experiments (i.e. inter-method comparisons) and models have concentrated on understanding of the acoustic properties and detection of fishes, e.g. relatively little effort has been focused on planktonic organisms. Plankton-oriented studies have been carried out in laboratory settings, through in situ observations, modelling efforts, or combinations of these (e.g. Greenlaw, 1977; Holiday and Pieper, 1980; Richter, 1985; Demer and Martin, 1995; Martin et al., 1996; Stanton et al., 1996; Jaffe et al., 1988; Lawson et al., 2004; Briseño-Avena et al., 2015) . However, there are still significant gaps in our knowledge. Data from the latest generation of broadband sonars present new opportunities for acoustical investigations of plankton (Lavery et al., 2010; Trenkel et al., 2016) . Such investigations require a thorough understanding of the capabilities and limitations of such systems.
Though water is relatively transparent to many acoustic wavelengths, it is relatively opaque to most of the electromagnetic spectrum. Aquatic and fisheries ecologists have therefore favored acoustical methods over optical imaging to conduct large-scale biological surveys of zooplankton and fish assemblages (Fernandes et al., 2002) . Though the sensing capability, fast acquisition, and almost real-time processing of acoustical data give acoustical methods an advantage over optical technologies, classification of acoustic target returns can be ambiguous. In contrast to sound, light is strongly attenuated by water, limiting the working range of underwater optical imaging. However, while optical imaging methods lack long-range capabilities (with the exception of oligotrophic waters with low turbidity) they are capable of V C International Council for the Exploration of the Sea 2017. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/ licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
generating detailed images of targets, commonly allowing identification down to genus and often to species; coarse taxonomic identification (e.g. copepod, hydromedusa, ctenophore, chaetognath, appendicularian, etc.) is almost always possible.
Historically, narrowband acoustic systems working at discrete frequencies have been at the forefront of acoustical methods (Stanton, 2012 and references therein; Fornshell and Tesei, 2013) . However, determining the identity of the targets insonified by such tools has been a major challenge. New developments in broadband acoustic sensors and signal processing have begun to give us new insights into the acoustical properties of planktonic organisms. With a few exceptions in higher latitudes, most marine ecosystems are species rich (e.g. De Monte et al., 2013) , with a high diversity of species, body shapes, sizes, compositions, and behaviours. In such regions acoustical methods are at a disadvantage when compared with optical ones: while it is possible to visually distinguish among planktonic taxa, it is difficult to acoustically differentiate even the most basic forms with current signalprocessing methods (Fielding et al., 2004) and the use of narrowband systems.
Ground-truthing exercises are by far the best and most direct method to aid in the interpretation of acoustic data. Comparing acoustic data to net-derived and optic-derived estimates of abundance and/or biomass is the most common approach (e.g. Wiebe et al., 1996; Benfield et al., 1998; Sutor et al., 2005; Lara-Lopez and Neira, 2008; Powell and Ohman, 2012) . However, fragile organisms such as jellyfish (e.g. hydromedusae, narcomedusae, medusae), ctenophores, siphonophores, doliolids, and appendicularians are often severely damaged by nets, making it difficult to fully account for them during acoustic-net comparisons. Furthermore, particles (i.e. marine snow) and organisms such as phytoplankton are not sampled by nets targeting zooplankton. Because the goal has generally been to sample zooplankton, other organisms and particles are typically unaccounted for during traditional ground-truthing experiments, despite their conspicuous presence in rich, productive regions of the ocean.
One possible justification for ignoring such targets is that they have been thought to make relatively small contributions to acoustic backscatter at commonly used frequencies. To explore the validity of this assumption, this work investigates the acoustic reflectivity of these often-ignored organisms and particles at the ultrasonic frequencies of 1.5-2.5 MHz.
The idea of phytoplankton and marine snow contributing to acoustic returns is not new; references as far back as the 1950s ) mention this possibility. After a gap of almost four decades, the idea of such targets contributing to acoustic returns re-surfaced in a report by Anoshkin and Goncharov (1993) . Since then, there have been a few efforts to quantify the acoustic reflectance of phytoplankton (Selivanovsky et al., 1996; Bok et al., 2010 Bok et al., , 2013 , and large (9.6-61 cm umbrella diameter) gelatinous organisms (Mutlu, 1996; Brierley et al., 2005; Smith, 2007, Weibe et al., 2010) in laboratory settings. However, no attempts have focused on the potential acoustic reflectance of phytoplankton and marine snow in the field. Because of their microscopic size, fragile composition, and patchy distribution, these targets have not been studied in underwater acoustical research and perhaps more importantly, in the interpretation of high-frequency acoustic survey data.
Thin phytoplankton layers are ubiquitous features of coastal regions, extending over kilometers and persisting from hours to several days. Their thickness ranges from tens of centimeters to a few meters as documented in a variety of marine environments (e.g. Cowles et al., 1998; McManus et al., 2003) . Phytoplanktons have usually been considered transparent to acoustic waves, and thus ignored as potential acoustic reflectors. Recently, however, Timmerman et al. (2014) suggested that a layer of large diatom flocculates ($2 cm in diameter) was detected with a narrowband sonar (200 kHz). The authors, however, could not refute the hypothesis that the high acoustic returns were caused by the presence of oxygen bubbles.
Marine snow layers are common features of coastal waters (Alldredge and Silver, 1988; Alldredge et al., 2002) , occurring in both surface waters, and-unlike phytoplankton-at depths well below the euphotic zone (e.g. Ransom et al., 1998) . However, little work has been conducted on acoustic estimates of these abundant and densely aggregated particles, though there are anecdotal references in the acoustical literature (e.g. Anoshkin and Goncharov, 1993) .
One approach to understanding the sources of reflected sound is to combine optical imaging and acoustical methods, orienting the sensors so that a common volume is observed by both modalities, such as the ZOOPS-O 2 system that measures the acoustic reflectivity of targets in situ with coincident optical determination of taxa, size, and orientation (Briseño-Avena et al., 2015) . Here, we use data acquired by that system to estimate the acoustic reflectivity of phytoplankton, marine snow, and small gelatinous organisms (350 lm-24 mm), as well as the widely accepted strong scatterers such as crustaceans.
Material and methods

ZOOPS-O
2 system description ZOOPS-O 2 is a broadband, ultra high-frequency (1.5-2.5 MHz) system that combines an instrument to measure the in situ acoustic reflectivity of individual targets (ZOOPlankton Sonar: ZOOPS) with two cameras (O-Cam 1 and O-Cam 2: O 2 ) giving concurrent stereo visual images (later referred to as "image pairs") of the targets reflecting the sound. We refer the reader to Briseño-Avena et al. (2015) for a full system description. In the following sections we give a brief explanation of the platform to add information relevant to this work that has not been discussed in detail in previous publications.
Acoustic target strength (TS) values for the ZOOPS-O 2 system are given as broadband target strength (BTS), and reported for each individual target. Unlike the common TS measurement used for discretefrequency, narrowband systems, the BTS represents the intensity of the returned energy weighted over the 1 MHz bandwidth of the chirp:
where y bs is the magnitude-squared of the compressed pulse of the echo from a target, and y cal is the magnitude-squared of the first reflection from the echo of a calibration sphere (Briseño-Avena et al., 2015) . Figure 1a , and long, thin cylinder in Figure 1b) , with an ability to resolve targets that are farther than 1.5 mm apart in range. This range resolution results from the fact that we use an envelope on the chirp waveform that reduces the usable bandwidth of the system to roughly 500 kHz. Each camera has an individual imaging volume of 106 mL (dashed rectangles in Figure 1a , and small cylinders crossing the acoustic beam in Figure 1b) . The stereoscopic volume-the intersection of the two camera imaging volumes (black diamond in Figure 1a 
Optical data analysis
Manual counting and identification of zooplankton and marine snow particles
The ZOOPS-O 2 samples at 1 Hz, generating two still images and one acoustic record every second. To estimate the concentration of zooplankton and marine snow particles, we only used images from O-Cam 1. Using only one camera increases the likelihood of finding zooplankton and marine snow in the already small sampling volume of each camera (106 mL). The images from O-Cam 1 were manually processed by visually identifying and counting zooplankton and marine snow particles in each frame. For ease of processing and to save the data automatically to a disk, we used a custom-made point-andclick graphical user interface in MATLAB. Particles were sorted into 22 categories (e.g. euphausiids, calanoid copepods, jellyfish, marine snow, etc.). Concentration estimates (individuals per mL) for each category were obtained by dividing the number of organisms or particles per image by the camera's imaged volume.
Diatom-like particle semi-automatic image identification and quantification
The ZOOPS-O 2 images were processed to identify the number of diatom-like particles and their 3D locations. The 3D location of each particle in the stereoscopic volume was estimated based on a careful stereo calibration of the cameras (see details in Briseño-Avena et al., 2015) . First, a subset of the images was used to construct a training set of diatom-like particles by manually selecting the objects identified as centric diatoms. In the images the centric diatoms were clearly distinguishable as circular opaque objects when viewed end-on, and in side view both thecae (Petri dishlike shape) were obvious. Then, some descriptors of the manually selected objects were obtained using an automated imageprocessing algorithm. The algorithm automatically detects connected pixels [i.e. the object, or region of interest (ROI)] with a high contrast against the image background and extracts object descriptors such as location on the object in the image (centroid), size measurements (i.e. length or major axis, width or minor axis, area occupied by the pixels), and aspect ratio. This was implemented using "regionprops" in MATLAB's Image Processing Toolbox, but similar methods are available in other programming languages with similar image-processing toolboxes. Next, the descriptors for each ROI were used to automatically detect diatomlike particles in images from the O-Cam 1 and O-Cam 2 ( Figure  2a and b). Visual inspection of at least 100 randomly selected image pairs corroborated that the automatic processing was accurate in identifying the centric diatoms. Finally, using the stereoscopic calibration described in Briseño-Avena et al. . The open circle also carries information of the predicted 3D coordinate of the particle imaged simultaneously by both cameras (Figure 2c ). The remaining particles (black dots not marked in Figure 2a and b) were outside of this common stereoscopic volume and hence not quantified. Diatom-like particle concentration was then estimated by dividing the total diatom-like particle counts (Figure 2c ) by the estimated stereoscopic imaged volume ($20.0 mL).
Acoustic data analysis Individual zooplankton and marine snow in situ acoustic reflections
The 18 347 image pairs and their accompanying acoustic records were processed using the 'echo-locator' algorithm reported in Briseño-Avena et al. (2015) . Briefly, the ZOOPS-O 2 stereoscopic volume intersected the acoustic beam at 0.84 and 0.88 m range; the acoustic records containing echoes (visualized as peaks in the echogram) within that range were extracted for further processing. These features mostly appeared as distinct, isolated peaks with BTS values at or above À120 dB. Next, the image pairs were viewed side-by-side along with their corresponding echogram. Once the identified acoustic target was confirmed to be in the stereoscopic volume, its acoustic range was estimated from the images. The projected acoustic range was then compared with that of the echogram: when the projected (optical) range of the echo matched the actual (acoustic) range of the location of the echo peak, we assumed that the echo originated from the stereoscopically imaged target. The echo properties (range, BTS, raw echo signal, and echo envelope) were saved for further analysis. The matching particles were then measured and their length was recorded. Table 1 summarizes the basic statistics.
Comparing in situ BTS spectra to distorted wave born approximation spectra estimates
We computed the estimated spectra B(f) from individual targets using the equation:
where CP sphere (f) is the Fourier transform of the windowed and zero-padded first reflection of the calibration sphere, and CP bs (f) the Fourier transform of the windowed and zero-padded echo from the target. The DWBA (distorted wave born approximation) model (Chu and Ye, 1999; Briseño-Avena et al., 2015) was applied to all targets using a prolate spheroid approximation after estimating the length (L), width (W), and orientation (h) of a target with respect to the transducer. This model requires values for density contrast (g) and sound-speed contrast (h). Because several previously poorly studied groups were included, values were taken from the literature (Greenlaw and Johnson, 1982; Chu and Wiebe, 2005; Smith et al., 2010) . Values of g ¼ 1.05 and h ¼ 1.05 were used for all developmental stages of copepods. For other taxa, the (g, h) values used were: (1.04, 1.022) for hydromedusae, (1.04, 1.07) for mysids, and (1.028, 1.022) for euphausiids. Groups for which no values were available in the literature (i.e. marine snow, appendicularians, siphonulae, doliolids, ctenophores, radiolarians, ostracods, and "others") were assigned values similar to these, based on our best judgment.
Acoustic concentration estimates of zooplankton and marine snow
Field studies show that ZOOPS-O 2 is able to detect echoes from individual targets ranging in size from 360 lm to just under 2.5 cm ( Table 1) . Many of these echoes corresponded to visually identified individual zooplankton and marine snow particles. Particle/organism concentrations were estimated by counting the number of echoes (echo counting) recorded from ranges 0.65 to 1.22 m (full operational range of the system) and, dividing the total target counts by the effective acoustic beam volume (1 L).
Acoustic concentration estimates of diatom-like particles
To test the ability of ZOOPS-O 2 to detect phytoplankton aggregated in high densities, the concentration estimates obtained from the automated diatom-like particle detection algorithm described above were compared with the acoustic reflectivity profile. One profile, in which bulk fluorescence was dominated by centric diatoms (determined to be Coscinodiscus sp. from a water sample taken during the cruise), is used for this comparison. We assumed that diatoms had a reflectivity between À130 and À123 dB. Since no other zooplankton or marine snow particle returned such low BTS values, we interpreted any echoes within this 7 dB range as originating from the diatoms. The number of peaks (assumed to be individual diatoms) detected in this range interval was divided by the estimated acoustic volume (53.74 mL) of the beam between ranges 0.84 and 0.88 m (the range intercepted by the stereoscopic volume) to obtain acoustic estimates of diatomlike target concentration, reported here as targets per mL.
Results and discussion
After rigorous examination and selection, only 373 image pairs (out of 18 347) clearly showed a single planktonic particle/organism common to both images, whose position also yielded an unambiguous echo in the acoustic record. From these image pairs we found a diverse group of echogenic targets ( Table 1) .
Values of ka (the product of the acoustic wave number k and the equivalent spherical radius a; Demer and Martin, 1995) at the centre frequency of ZOOPS-O 2 (2 MHz) were computed for all the targets identified in Table 1 (Figure 3) . With the exception of two targets (small copepods; Figure 3a) , all the individual targets were found to be located in the geometric scattering region (ka > 1). In no case was there a clear linear relationship between ka and BTS, suggesting that size (a) is not a good predictor of BTS at the centre frequency of the system. It is likely that other body properties (e.g. density, body shape, internal organs) have a stronger influence than size on the acoustic reflectivity of the organisms and marine snow studied in this work.
Zooplankton and marine snow acoustic reflectivity
We obtained echoes from individual crustacean zooplankton (e.g. copepods, euphausiids, and mysids; Figure 4 ), but were surprised to find small gelatinous organisms (e.g. hydromedusae, doliolids, chaetognaths, appendicularians; Figure 5 ) and marine snow particles ( Figure 6 ) in the acoustic records. Phytoplanktons were also present in the acoustic and stereoscopic records; we discuss this group separately below. Interestingly, we found that, despite the size range of the targets, there was a general overlap of BTS values for all categories (Table 1 ). These observations suggest that at frequencies of 1.5-2.5 MHz, and using only BTS, a large marine snow particle (Figure 6b ) can return as much acoustic energy as-and be confounded with-small crustacean zooplankton (Figure 4) . Although the size of the target has an impact on the scattered sound, the body or particle composition is also a large factor affecting the acoustic return. For instance, while the marine snow particle in Figure 6b is larger than the measured copepods, the marine snow is much more porous than the body of the crustacean. Thus its density and sound speed contrast properties would be much smaller, producing a weaker return than if it were a more compact, dense object. Although object orientation could also impact the acoustic return, at least for copepods, BTS was found to depend only weakly on orientation, with a mean difference between side and head-on views of only 7 dB (Briseño-Avena et al., 2015) .
Marine snow layers are common features in coastal oceans, yet their contribution to acoustic returns in field surveys seems to be virtually unexplored. Importantly, these layers can have intense biological activity. For example, the coincidence of marine snow layers, copepods, and their predators has been documented in the Baltic Sea using underwater optics (Möller et al., 2012) . In light of the present results, the collocation of such targets can complicate acoustic processing and interpretation, potentially leading to an over-estimate, e.g. of small crustacean abundance when acoustic returns from marine snow particles are mistaken for organisms.
Though the TS (dB) of some gelatinous organisms has been measured using narrowband, single frequency systems, most studies have focused on physonect siphonophores (a colonial pelagic cnidarian with a pneumatophore or "float", filled mostly with carbon monoxide): the air-filled pneumatophore strongly scatters sound. The TS of large jellyfish has also been measured using narrowband frequencies centered at 120 and 200 kHz (Aurelia aurita, umbrella diameter: 9.5-15.5 cm; Mutlu, 1996), Diverse group of echogenic particles and at 18, 38, and 120 kHz (Chrysaora hysoscella (5-8.5 cm), Aequorea aequorea (10-61 cm); Brierley et al., 2005 , and Chrysaora melanaster (21-31 cm); De Robertis and Taylor, 2014). The hydromedusae measured in the present study were much smaller, ranging from 0.2 to 2.4 cm bell diameter. Notice that at frequencies of 1.5-2.5 MHz, the BTS of a large gelatinous organism (Figure 5a ) could be misinterpreted as a medium-sized copepod ( Figure 4a) . However, the shape of the echo envelope (Figures 4 and 5 , red lines on overlapping plots) is qualitatively different for these two groups, although the orientation of a target in relation to the direction of the incident acoustic wave may affect the echo envelope shape. At present, however, only measurements related to the TS (or BTS as in this work) of targets are generally utilized in the acoustic community. The properties of Figure 3 . Summary of ka (wavenumber x equivalent spherical radius) vs. BTS for all targets reported in Table 1 . Panel (a) copepods and marine snow. Panel (b) euphausiids, mysids, appendicularians, chaetognaths, siphonulae, hydromedusae, doliolids, ctenophore, radiolarian, ostracod, and other. The wavenumber was estimated at the system centre frequency of 2 MHz. the echo envelope related to each individual target should be investigated in future work, such as has been done with fish (e.g. Reeder and Stanton, 2004) . This work is a cautionary tale for interpreting acoustic data from emerging broadband, high frequency technologies-and even more significantly, single, narrowband technologies-that rely on echo-integrating principles. As we have shown, many unexpected taxa have the potential to contribute to acoustic signals.
DWBA model vs. BTS spectra measurements
As part of our research effort we also sought to examine the agreement of a well-known model, the DWBA, with our collected data. The comparison of measured [B(f)] and modelled (DWBA) spectra yielded interesting results (Figure 7 ) for a copepod, euphausiid, mysid, large crustacean carcass, doliolid, hydromedusa, and large and small marine snow particles. Our DWBA model yielded spectra comparable to the measured spectra; though the nulls do not always match up, they are in close agreement. The peak BTS values (Figure 7 , stars) for each individual are plotted (arbitrarily centered on the x axis): a single TS value does not vary among groups as much as the spectra do. Notice that the euphausiid's measured and modelled spectra (Figure 7b ) had the greatest discrepancy in magnitude; one likely factor is that the g and h values available in the literature were often for animals larger than the ones we observed. Another factor is the simplicity of our model compared with the actual shape of the organism or relative to the bent cylinder and higher resolution models of Stanton and Chu (2000) where orientation, as well as material properties (i.e. g and h) are identified as important factors affecting the TS from individual euphausiids.
To explore how the results from the high-frequencies used by ZOOPS-O 2 would apply to more commonly used frequencies in acoustic surveys we extended our DWBA model to include frequencies from 38 kHz to 2.5 MHz. For each measured and modelled target we then located the frequency of the transition from geometric to Rayleigh (G-R) scattering (Figure 8 ). For most Diverse group of echogenic particles organisms, including the appendicularian shown in Figure 8a , the mean G-R transition frequency is located within the range of commonly used lower frequencies (shaded area and downwardpointing triangles in Figure 8b ). Most systems using lower frequencies than ZOOPS-O 2 measure volume backscatter strength rather than individual echoes and direct comparisons between measurements are not recommended. However, the fact that the G-R transitions for the particles and organisms reported here occur at frequencies between 38 and 420 kHz suggests that the results from this high-frequency, broadband system might apply to the more commonly used lower-frequency narrowband systems when such particles and organisms are found in high concentrations or dense aggregations.
Phytoplankton acoustic reflectivity
To explore whether diatoms found at the deep chlorophyll a maximum in high densities (e.g. those observed in thin layers) reflect sound we used a profile with a well-defined peak as shown by the bulk fluorescence signal (Figure 9a and b) . A water sample taken at the depth of the chlorophyll maximum and later inspected under a microscope confirmed that the phytoplankton assemblage was comprised of the centric diatom Coscinodiscus sp.: one of the largest solitary marine planktonic genera, measuring up to 500 lm in diameter in 250 lm in width, similar in size to the ones imaged by the O-cams. At the centre frequency of the system (2 MHz) such large diatoms have a ka ¼ 1.5 (i.e. ka > 1), suggesting that they are detectable by the ZOOPS if their sound speed and density contrast are high enough. We refer to these imaged centric diatoms as "diatom-like particles" due to limitations of the image processing method utilized. However, no other phytoplankton types were apparent in the image records; suggesting the layer was dominated by a single species. The maxima in concentration of these diatom-like particles peaked in the same depth interval as the fluorescence, suggesting that these diatoms dominated the fluorescence signal (Figure 9b ). Stereoscopically derived concentration estimates of the centric diatoms (Figure 9c , thick dashed line) fall within the range observed in the Southern California Bight region (e.g. Venrick, 2012) . We found an increase in the acoustic-derived concentration of targets with BTS values between À130 and À123 dB coincident with both the diatom-like concentration peaks and the layer of high-intensity bulk fluorescence. This observation provides support for the hypothesis that these large diatoms were the source of the acoustic signal.
Dense phytoplankton aggregations are often regions of intense grazing, and increased abundances of zooplankton within or near the observed diatom peaks might be expected. However, acousticand optic-derived concentration estimates of zooplankton (targets whose BTS > À120 dB; Table 1 ) and marine snow are comparable in magnitude through the entire profile (Figure 9c , thin solid line and dotted line, respectively), and their concentrations did not peak with the diatoms concentrations. This suggested that neither zooplankton nor marine snow were the cause of the increased acoustic signals found within the diatom peaks (Figure 9c, thick solid line) . This further supported the hypothesis that the high concentration of diatoms was responsible for the broadband, high-frequency (1.5-2.5 MHz) signal detected by the ZOOPS-O 2 system. One other potential source of the acoustic signal in the layers is thermal microstructure. Acoustic scattering associated with the thermocline, e.g. was reported as early as Weston (1958) . It has also been found that thermal structures are sensed by broadband systems at high and ultra-high frequencies (Holliday and Pieper, 1980; Lavery et al., 2010) . The coincidence of biological and thermal structures has been recognized since early acoustic underwater research (Gessner, 1948; Tveite, 1969; Derenbach et al., 1980) . Given that ZOOPS-O 2 is a broadband system operating at 1.5-2.5 MHz, we wanted to rule out the possibility that the acoustic signal in the profile in Figure 9c (thick solid line) was due to thermal microstructure.
To test this, temperature, acoustic and stereoscopically derived diatom-like concentration data were binned over 1 meter, and temperature gradients estimated by measuring the change in temperature (dT) over 1 m depth (dZ) bins (Figure 10 , thin black solid line). Three main sharp temperature gradients were apparent. The first (Figure 10 , feature labelled "1") was found above the diatom peaks, and the two subsequent ones (Figure 10 , features labelled "2" and "3") at the top and bottom of the two diatom-like peaks. If the increase in the acoustic signal ( Figures  9c and 10 , thick solid line) was solely a response to the sharp temperature gradients, one would expect to see three corresponding acoustic peaks. However, the acoustic signal did not drop where there were no sharp temperature gradients. Instead, high concentrations of diatom-like particles were observed in that depth interval. This suggested that temperature microstructure was not the main source of the observed acoustic return in the À130 to À123 dB signal. Furthermore, a simple regression showed that variations in the acoustic data were better explained by the stereoscopic (optically derived) diatom-like concentration (r 2 ¼ 0.85) than by thermal gradients (r 2 < 0.07). Although this does not rule out the possibility of thermal microstructure contributing to some degree to the acoustic signal, our analyses suggest that the increase in the acoustic returns is primarily due to the presence of centric diatoms. Interestingly, the relationship between the optic-and acousticderived densities of diatom-like particles was not linear (Figure 9c , inset). This suggests that at high diatom concentrations the acoustic signal became saturated, no longer reflecting the echoes of individual diatoms, but rather integrating over multiple targets. Because the diatoms were smaller than the range resolution (1.5 mm) of the sonar system, and multiple cells occurred in the volume at the same acoustic ranges, our system was not able to resolve echoes from individual phytoplankton cells at high concentrations. We did not pursue volume backscatter relationships in this article, and they remain a topic for further study. It is also apparent that the acoustically derived concentrations of diatom-like particles (Figure 10 , thick solid line) are over estimated at lower concentrations (from camera estimates; dashed line). There are two explanations for why this might be happening. The first has to do with a signal to noise ratio (SNR) issue: because our estimates were near the lower threshold of our system for detecting individual echoes, it is possible that a low SNR might be preventing us from accurately estimating diatom abundance with the sonar. The second reason is the potential variability in diatom size through the profile. Coscinodiscus (the imaged diatoms reported in this work) range in diameter from 300 to 500 lm in diameter and 150-250 lm in width. At the lower size range (a ¼ 0.108 mm) these diatoms would have ka ¼ 0.9, effectively putting them in the Rayleigh scattering region (ka < 1). At the other end of the size range (and similar to the ones we encountered), Coscinodiscus has an equivalent spherical diameter of a ¼ 0.1802 and ka ¼ 1.5 (i.e. ka > 1; geometric region). Such variability in size might have also contributed to missing echoes from individual cells. It is not clear how much acoustic energy several small diatoms would reflect when in high concentrations. However, this work is not intended to show that the sonar is able to quantify diatom concentrations with the Table 1 . Shaded area encompasses the range of frequencies most commonly used by narrowband systems (downward-pointing triangles).
same accuracy as the optical method, but rather, to show that our sonar can record a measurable echo originating from locally high concentrations of diatom cells.
Conclusions
In this work we have shown that individual gelatinous zooplankton and marine snow targets are capable of reflecting broadband, ultra high-frequency (1.5-2.5 MHz) acoustic energy. We also showed that layers of locally high diatom concentrations were capable of reflecting sound at these high frequencies. Knowing that diatom and marine snow layers are conspicuous and recurrent features in coastal areas, this work suggests that such particles should be taken into account during acoustic surveys, especially when high frequencies are used and the relative concentration of such particles is significantly higher than co-occurring zooplankton. Furthermore, gelatinous organisms (e.g. jellyfish, siphonophores, doliolids, and salps-although no salps where observed in this work) can dominate zooplankton communities at times (e.g. Richardson et al., 2009; Everett et al., 2011; Alvarez Colombo et al., 2009) and can become significant contributors to acoustic signals, as it has been shown for the large jellyfish C. melanaster (De Robertis and Taylor, 2014) .
It is hard to know whether the observations made with this broadband, high-frequency system are relevant to the more Figure 9 . The three sharpest gradients in temperature are indicated with circled numbers 1, 2, and 3. commonly used lower-frequency systems without having empirical data. However, Figure 8b shows that the location for the transition frequency between the geometric and Rayleigh scattering in the modelled spectra for the type and size of targets observed here fall within the frequency range 38-420 kHz, and are therefore likely to be picked up by systems using these lower frequencies. These organisms could include large phytoplankton cells and phytoplankton chains; it is advisable, therefore, to exercise caution when interpreting narrowband acoustic data acquired in regions where large aggregations of phytoplankton or marine snow occur. For example, Timmerman et al. (2014) suggested that a layer composed of diatom flocculates was detected with a narrowband sonar using 200 kHz. Furthermore, it has been shown that phytoplankton-derived flocculates can carry bubbles (Riebesell, 1992) , which can have a large resonance at lower frequencies than those considered in this work.
The emergence of commercially available broadband technologies creates new opportunities for the use of processing methods for interpreting acoustic data. Although not fully considered in this work, the properties of acoustic echoes (e.g. the echo envelope; lines in Figures 4-6) can add more information for acoustic target classification. The results presented here underscore the need to exercise caution when interpreting acoustic data based solely on TS measurements. This issue is particularly relevant when encountering a diverse group of echogenic particles that range widely in size but return overlapping BTS values (Table 1) . Take for instance the case of copepods and doliolids: the tiny crustaceans can be an order of magnitude smaller than the pelagic tunicates, yet the measured BTS values overlapped significantly, despite of having no overlap in their ka values (Figure 3a and b) .
Simple modelled spectra for organisms such as copepods, euphausiids, mysids, doliolids, and hydromedusae, as well as marine snow showed good agreement with in situ measurements. These results could be particular useful for models considering more complex body shapes, and organisms of different composition. The DWBA model using a prolate spheroid of dimensions similar to the organisms studied here could be used initially to aid in differentiation among targets. However, the relatively scarcity of g and h values for zooplankton hinders our ability to obtain more accurate comparisons. Given the sensitivity of the DWBA model to g and h (data not shown), we should strive to get better values for zooplankton to produce more accurate model results. In theory, one could diagnose g and h values by fitting model spectra to the measured spectra by varying g and h.
The work presented here may prove useful in biological field surveys; when possible, incorporating a suite of technologies including acoustic, optical imaging, and net systems will generate a more complete picture of planktonic distributions and possible insights to processes occurring at fine scales. In light of the present observations, it is advisable that zooplankton surveys using high-frequency acoustics take into account phytoplankton and marine snow, if such features are known to be conspicuous in the region studied. Although nets target a finite size-range of planktonic organisms-retaining large particles and destroying fragile organisms and marine snow particles-optical cameras are an important complement because of their non-invasive, non-destructive capabilities. Furthermore, nets cannot resolve the fine spatial scales at which phytoplankton and marine snow layers occur. Optical tools, on the other hand, can be used to detect such ubiquitous features and provide accurate ground truthing information for acoustic studies that might be affected by phytoplankton, marine snow and fragile, gelatinous taxa.
